Abstract--The weathering products of primary biotite, chlorite, magnetite, and almandine in mica gneiss and schist in the North Carolina Blue Ridge Front were determined. Sand-size grains of biotite, the most abundant, readily weathered mineral in the parent rock, have altered to interstratified biotite/vermiculite, vermiculite, kaolinite, and gibbsite in the saprolite and soil. FC+-chlorite in the parent rock was relatively resistant to chemical weathering, which appears to be confined to the external surfaces of particles. Magnetite grains in the saprolite are essentially unaltered, but those in the soil contain abundant crystallographically controlled etch pits and are coated with oxidation crusts. Almandine altered to goethite, hematite, and gibbsite as the rock weathered to saprolite. Extensively weathered almandine grains were found to contain etch pits and what appeared to be oxide coatings. Apparently, a rapid release of Fe during weathering produced hematite, whereas slower release of Fe favored the formation of goethite.
INTRODUCTION
The mineralogy of soil parent material sets limits on the secondary minerals that may form in a pedogenic environment. Because they may diminish with time, the effects of parent material are generally more easily discerned in younger soils (Buol et aL, 1980) . In the humid southeastern United States much soil mineralogy research has concentrated on the highly weathered, agriculturally important Coastal Plain and Piedmont soils. Parent rocks in the Blue Ridge Mountains have mineral compositions similar to large areas of Piedmont bedrock, and are among the sources of sediments that comprise Coastal Plain deposits (Stuckey, 1965) . Few studies, however, have addressed mineral weathering in soils of these mountains. In a study of North Carolina mountain soils formed on granitic biotite gneiss, Losche et aL (1970) found soil fractions >20 um to contain quartz, feldspars, and biotite. The clay-size fraction contained "illite" (probably mica), vermiculite, hydroxy-A1 interlayered vermiculite (HIV), kaolinite, and gibbsite. In a study of biotite transformations in soils ranging from Dystrochrepts to more developed Hapludults, including several soils from the North Carolina mountains, Rebertus et al. (1986) found that biotite pseudomorphically altered to kaolinite, with HIV as a transitory intermediary. Velbel (1984) identified goethite and gibbsite as weathering products of 3 Present address: Department of Soil and Environmental Sciences, University of California, Riverside, California 92521.
Copyright 9 1989, The Clay Minerals Society almandine in saprolite in the North Carolina mountains.
The objective of the present study was to determine the weathering products of the primary Fe-bearing minerals in soils and saprolite on the North Carolina Blue Ridge Front. The primary Fe-bearing minerals were selected for study because (1) they are the most abundant readily weathered minerals in the rocks of the study area, and (2) their weathering products dominate the soil clay fraction and influence soil color, a property commonly used in soil classification and the interpretation of soil genesis. Soils on the Blue Ridge Front provide a spectrum of mineral weathering stages in a single locality. Soils on slopes dissected into bedrock contain relatively fresh primary minerals, whereas minerals in soils on more stable surfaces and in the most weathered colluvium are highly altered. The mineralogical nature of the weakly developed Dystrochrepts and moderately developed Hapludults of the Blue Ridge Front adds to the present understanding of soil mineral systems in the southeastern United States.
MATERIALS AND METHODS
The study area is located on the Blue Ridge Front in Wilkes County, North Carolina (Figure 1 been described by Graham (1986) . Soils from eight geomorphic positions on two mountain slopes were studied ( Figure 2 ). One mountain slope is oriented in the same direction as the dip of the foliated bedrock and is thus a "dip slope". The other slope is oriented transverse to the dip direction and is termed a "crossdip slope". Soil samples were taken from genetic horizons and saprolite, and rock samples were obtained wherever possible. Primary minerals were hand-picked from the sand fractions. For magnetite this was accomplished using a small magnet. Sand-size fractions were finely ground with an agate mortar and pestle for analysis. Differential thermal analysis (DTA) utilized a DuPont Series 99 Thermal Analyzer with flowing N2 gas and a high-temperature cell. Samples were prepared for X-ray powder diffraction (XRD) by slurrying them with acetone and then drying the slurry on glass slides. XRD analyses were made with a Diano XRD 700 diffractometer employing CuKa radiation, a 1 ~ divergent beam slit, and a diffracted beam monochromator. M/Sssbauer spectra were collected with a standard constant acceleration drive (Austin Science Associates) and multichannel analyzer equipped with a Co(Rh) source. The velocity was calibrated using laser interferometry. For 77-K spectra, both source and absorber were cooled in a liquid nitrogen bath. Spectra were fit to Lorentzian lines with appropriate constraints to determine isomer shift, quadrupole splitting, and magnetic hyperfine field. Absorbers containing 5-15 mg Fe/cm 2 were prepared from the powdered minerals by pressing the powder to uniform thickness in a brass ring with A1 foil backing and sealing with a benzenestyrofoam solution.
Sand grains were prepared for scanning electron microscopy by mounting them on A1 stubs using doublestick tape. The samples were coated with carbon or platinum and photographed using a Philips 505T scanning electron microscope. Semi-quantitative elemental analyses were obtained using a Tracor Northern 5500 X-ray analyzer attached to a Hitachi S-530 scanning electron microscope. Thin sections were prepared from rocks and soil clods impregnated with plastic (Buol and Fadness, 1961) .
RESULTS
The mineralogy of the bedrock varies only slightly in the study area. The rock underlying much of the cross-dip slope is a fine-grained mica gneiss, whereas the shoulder of the cross-dip slope (CS in Figure 2B ), the ridge top (R), and the dip slope ( Figure 2A ) are underlain by mica schist. As determined in thin section, both types of rock contain muscovite, biotite, chlorite, quartz, and untwinned plagioclase, although the micas and chlorite are more abundant in the schist (Table 1 ). The schist also contains accessory almandine and locally traces of magnetite. The gneiss contains more magnetite than the schist and no almandine.
Biotite
Scanning electron micrographs of three weathered biotite grains from the saprolite of Pedon CL ( Figure  2B ) are shown in Figure 3 . The mica book in Figure  3a differs from the biotite in the rock only by being partially expanded. The mica book in Figure 3b has Gneiss 54 x 31 x 9 cm stone from ll9-cm depth in crossdip footslope colluvium Points 36 52 9 445 0 3 545 % 6 10 2 81 0 1 100 t Includes a relatively minor component of untwinned plagioclase identified by X-ray powder diffraction and in grain mounts of soil fine sand fractions. not only opened up, but appears to be partly altered to secondary minerals. In Figure 3c most or all of the biotite has altered, and only a small part of the original grain has retained a micaceous morphology.
The mineral constituents of weathered sand-size biotite grains from the saprolite were determined by XRD ( Figure 4 ). Unaltered biotite was indicated in the 25~ sample by the relatively intense 10.1-/~ 001 peak and the very weak 002 peak at 4.98/k, described as characteristic of biotite by Fanning and Keramidas (1977) . Vermiculite was identified by a 14.2-~ 001 spacing that collapsed to 10.2 tk on heating the sample to 300~ Intense peaks at 24.5 and 11.5 ~ appear to be 001 and 002 peaks, respectively, of a regular, or near regular, interstratification of mica and vermiculite. On heating the sample to 300~ the vermiculite component collapsed to 10.2 A and contributed, along with the mica component, to a very intense 10-~ peak. The very weak 002 peak at 5 /~ after the collapse of the vermiculite component (K-300~ and K-550~ treatments) suggests that the mica component is biotite. Kaolinite produced the 7.1 tk peak of the 25 ~ and 3000C treatments and was destroyed on heating the sample to 550~ A small amount of gibbsite was indicated by the peak at 4.84 A, which was lost on heating the sample to 300~ Chlorite Sand-size chlorite grains from colluvial soil horizons were found to have smooth and slightly pitted surfaces, but, unlike biotite, they were compact and unexpanded ( Figure 5 ). The XRD pattern of the chlorite from colluvial soil sand fractions was characteristic of high-Fe chlorite, in that "odd" ordered peaks (001,003, etc.) were much less intense than "even" ordered peaks (Figure 6 ). Heating the sample to 550~ caused drastic changes in relative intensities, characteristic of chlorite (Barnhisel, 1977) . Energy dispersive X-ray analysis documented the high Fe content suggested by XRD (Figure 7 ). Mrssbauer spectroscopy revealed that virtually all of the Fe was Fe 2 § having isomer shift (IS) Figure 3 . Scanning electron micrographs of weathered biotite sand grains from Pedon CL saprolite: (a) expansion of book only (185-cm depth), (b) extensive alteration to secondary minerals (120-cm depth); (c) micaceous morphology almost completely lost in alteration to secondary minerals (120-cm depth). and quadrupole splitting (QS) (Table 2) in agreement with literature values for that species (Blaauw et al., 1980) . The two lines of the Fe E § doublet had unequal intensities, possibly because of preferential orientation Graham, Weed, Bowen, and Buol Clays and Clay Minerals of the particles in the absorber. The unequal intensities persisted, however, after repeated grinding with powdered sugar to reduce orientation of particles.
Magnetite
Counts of magnetite grains using a dissecting microscope showed that the oxidation of magnetite, indicated by red stains or crusts, coincided with the sapro/ite-soil transition (Figure 8 ). SEM studies demonstrated that magnetite octahedra were unaltered in the saprolite Figure 5 . Scanning electron micrograph of a chlorite sand grain from Pedon CL (E horizon, 2-9-cm depth). ( Figure 9a ), whereas those in colluvial surface horizons exhibited various wealhering morphologies. The surfaces of some grains contained crystallographicaUy oriented etch pits and were red, but had no obvious crusts (Figure 9b ). Similar etch patterns have been produced by artificially weathering magnetites at 140~176 (Gruner, 1926; Greig et al., 1935) . In these studies, hematite formed along octahedral (! 11) planes of the magnetite, beginning as minute lines that became wider and formed triangles covering the grain surfaces. The Si Fe g g, E n e r g y Figure 7 . Energy dispersive X-ray spectrum of a chlorite sand grain from the E horizon (2-9-cm depth) of Pedon CL. (Gruner, 1926) . In the present study, some magnetite grains, in addition to displaying etch pits, were rounded and showed relatively thick crusts of red, secondary Fe oxides (Figure 9c ). The red color of the oxidized grain surfaces suggests the presence of hematite. Gilkes and Suddhiprakarn (1979) identified hematite as the sole weathering product of magnetite in highly weathered Australian saprolites. In the present study, despite the visual evidence of secondary Fe oxides coating weathered magnetite grains, Mrssbauer spectroscopy detected no such oxides on grains from colluvial A horizons (Figure 10 , Tab!r 3). The oxidation products must therefore have contained only a small part of the total Fe, compared with the unaltered magnetite grains. Thus, their contribution to the total Mrssbauer spectrum was overwhelmed by that of magnetite.
The relative peak areas in Table 3 are approximately proportional to the amounts of Fe present in the two Fe sites in magnetite (Papamarinopoulos et al., 1982) .
At 298 K the 6-fold coordinated B site, which contains both Fe 2+ and Fe 3 § gave a single sextet due to fast electron exchange. For stoichiometric Fe304 this sextet should comprise 67% of the total absorption, whereas the A site, which is entirely Fe 3+, should comprise 33%. The observed relative area for the A site was 43% (Table 3) , indicating a degree ofnon-stoichiometry due to excess oxidation.
The 77-K spectrum was fitted to two sextets; however, this assignment is oversimplified, and, although a reasonable fit to the data, the relative areas of the two sextets cannot be explained. Hargrove and Kundig (1970) interpreted the low-temperature spectra of pure magnetite in terms of three Fe 3+ and two Fe 2 § sextets, with lines overlapping in a complicated way. The present spectrum has the general appearance of that reported for pure magnetite at 82 K (Hargrove and Kundig, 1970) , but is complicated by partial oxidation and possible impurities in the structure. Considering the uncertainties involved, precise fitting of this spectrum to the known parameters of magnetite was not attempted 9 
Almandine
Almandine is the Fe2+-rich end member of the garnet solid solution series. A thin section of a mica schist stone from a colluvial soil (Table 1) contained unaltered almandine crystals, as well as slightly weathered almandine having secondary Fe oxides along intragranular fractures and on surfaces 9 Thin sections also showed that almandine grains in soil B horizons were largely pseudomorphically replaced by oxides. Scanning electron micrographs of almandine grains from Pedon R saprolite (Crl horizon, 60-84 cm depth) showed etch pits ranging from incipient to extensive (Figure 11 ). The most weathered grains contained both etch pits and what appeared to be oxide coatings. On some grains, coatings were apparently developed over pitted surfaces (Figure 1 lb) . Similar coatings and pits were observed in grains from Pedons DE and DH.
XRD of weathered almandine grains from the very coarse (1-2 mm) sand fraction of the colluvial Pedons DE and DH showed only very small peaks ofgoethite (4.15/~) and gibbsite (4.85/k), in addition to almandine peaks (data not shown). Mrssbauer spectroscopy was used to study the Fe-bearing mineralogy of the weathered almandine grains. The 298-K spectrum ( Figure  12a ) had three components: an Fe 3+ doublet; a broad, ill-defined Fe 3+ sextet due to ferric oxides; and an Fe 2+ doublet having the characteristically large quadrupole splitting ofalmandine (Table 4) Secondary iron oxide crust on rounded, pitted grain from Pedon DH (A horizon, 0-2-cm depth). Murad and Wagner, 1987) . The 77-K spectrum ( Figure  12b ) was more useful in defining the components present. The Fe 3+ doublet was almost absent, and the magnetic sextet was clearly composed of two distinct sets of peaks: a sharp-lined sextet on the outer side due to hematite and a broader sextet of lower magnetic field due to goethite. The almandine doublet was prominent. The relative absorption of these components (Table 4) was estimated by fitting the data to a distribution of magnetic fields, as discussed by Amarasiriwardena et al. (1986) . Most of the Fe in the weathered grains was in secondary minerals: about 50% in goethite, 14% in hematite, and 6% in other Fe 3 § minerals (possibly very small particles of goethite). Only about 30% of the Fe was in unaltered almandine. Because AI substitution causes a decrease in magnetic fields relative to those ofunsubstituted Fe oxides, the amount of A1 in the Fe oxides can be estimated from their average fields at 77 K (Bowen and Weed, 1984) . These estimated values were extremely high for both the goethite (31 atom % AI) and the hematite (56 atom % A1) in the weathered almandine grains. The maximum reported A1 substitution in hematite is 15 atom % A1 (Schwertmann, 1985) ; however, particle size may also have influenced the observed magnetic field (Golden et al., 1979; Murad and Schwertmann, 1986; Murad and Bowen, 1987) . Thus, poor crystallinity and small particle size probably were responsible for the low magnetic fields found for both hematite and goethite in these weathered grains. The Fe oxides were likely AI substituted, but not to the extent predicted from the observed fields.
DISCUSSION

Biotite
Weathered biotite grains from the saprolite contained biotite and its apparent weathering products: interstratified biotite/vermiculite, vermiculite, kaolinite, and gibbsite. Biotite in these soils and saprolites appears to have transformed to an interstratified biotite/vermiculite phase via loss of K from alternate interlayers, as described by Sawhney (1977) . Vermiculite is the result of nearly complete depletion of interlayer K (Douglas, 1977) . Kaolinization of biotite, as described by Harris et al. ( 1985) and Rebertus et al. (1986) involves a depletion of Si relative to A1 and the loss of almost all cations except AI and Si, in addition to major structural alterations. Complete loss of Si appears to have resulted in gibbsite.
Chlorite
Chlorite appears to have been relatively resistant to chemical alteration throughout the saprolite and soil. The XRD pattern of chlorite sand grains from colluvial soils ( Figure 6 ) contained very sharp peaks and revealed no associated weathering products. The unweathered appearance of the Fe2+-rich chlorite ( Figure  5 ) compared to biotite (Figure 3 ) was most likely related to the ease of displacement of interlayer cations from biotite. The interlayer K of biotite has been readily replaced by Mg or other cations in laboratory leaching experiments (Fanning and Keramidas, 1977) . Loss of K allows expansion of the layers, thus increasing the surface area exposed to weathering reactions, perhaps including oxidation of Fe 2 § The cations in the hydroxide interlayer of chlorite are not so easily removed, inasmuch as the structural integrity of the interlayer must first be disrupted. Ross and Kodama (1974) suggested that this disruption is accomplished by dehydroxylation and oxidation of Fe 2 § in the hydroxide sheet, followed by acid attack. If the interlayer hydroxide sheets had been removed from the chlorites of the present study, a collapse of the 001 spacing upon heating would be expected. No such evidence was observed; the d(001) spacing remains at 14.7/~ on heating the sample to 550~ (Figure 6 ). Additionally, Mrssbauer spectroscopy detected no Fe 3+ in the chlorite. Thus, oxidation of octahedral Fe 2+ and disruption of the interlayer hydroxide sheet were apparently insignificant. Weathering of chlorite in these colluvial soils appears to have been confined to external particle surfaces.
The apparent resistance of chlorite to chemical weathering allows its comminution even into the clay fraction (Graham et al., 1989) . The persistence of primary chlorite throughout soil profiles was observed by Bain (1977) in weakly developed till-derived soils in Scotland. In those soils, Fe2+-rich chlorite was found in the clay fraction, as well as in coarser fractions, and was only slightly weathered, apparently by vermiculitization of flake edges.
Magnetite
Magnetite weathering was minimal in the saprolite inasmuch as virtually no oxidation of grains was observed in that part of the regolith (Figures 8 and 9a) . The large increase in the proportion of oxidized magnetite grains near the soil surface suggests that magnetite weathering was greatest in that soil environment. The magnetite grains in A horizons were pitted without obvious crusts (Figure 9b ) or showed thick crusts, etch pits, and were rounded (Figure 9c ). Velbel (1984) emphasized the importance of organic chelation in producing etch pits on almandine grains in soils, whereas grains weathered in saprolite, in which biologic influence was minimal, had crusts but no etch pits. Walker (1983) found oxalate, a chelating agent, to be effective in the dissolution of magnetite. Organic chelation of Fe probably produced the etch pits on the magnetite grains examined in the present study, but the origin of the crusts on some grains is not clear. The colluvial nature of the soils in which magnetite occurred confounds the genetic interpretation of the weathering of this mineral. The colluvium may have been derived from saprolite, subsoils, or surface soils, each of which are related to different weathering environments. Thus, the observed variety of magnetite weathering morphologies in single colluvial horizons, while not unexpected, is not easily interpreted.
Almandine
Micromorphological evidence demonstrated that almandine weathering began in the rock by the formation of oxides on grain surfaces and along fractures. A1-mandine grains in saprolite and soil B horizons were both pitted and coated with oxides.
Etch pits indicate that parts of the almandine crystals weathered more rapidly than others. Differential rates of weathering of a single grain may have accounted for the presence of both hematite and goethite as almandine weathering products. Schwertmann (1985) hypothesized that rapid release and hydrolysis of Fe 3+ during weathering produces ferrihydrite, the apparent required precursor to pedogenic hematite. The concentration of Fe released from etch-pit microsites on almandine grains may have locally exceeded the solubility product of ferrihydrite (~ 10 37-10 39), which then precipitated and altered to hematite. Other parts of the crystal may have released Fe more slowly, resuiting in lower localized concentrations of Fe, thereby favoring the formation of goethite, which has a lower solubility product (10 -42) than ferrihydrite (Schwertmann, 1985) . At least some of the A1 released during the weathering of the almandine precipitated as gibbsite, apparently a minor component in the grain coatings. Velbel (1984) also detected gibbsite, along with goethite, in the weathered layers on almandine grains. Velbel (1984) , working on almandine weathering in soils and saprolite near Otto, North Carolina, proposed two conditions of weathering. (1) Inorganic weathering processes were thought to dominate where the almandine crystals were enclosed in deep saprolite away from organic chelating agents. Under these conditions, almandine crystals developed coatings of gibbsite-goethite weathering products. Because diffusion through the coatings was the rate-limiting step, the grains weathered uniformly without etch pits. (2) Biochemical weathering processes involving organic chelating agents were thought to predominate in the soil environment. These chelating agents were credited with preventing the immediate precipitation of Fe and A1 released by weathering. Thus, coatings did not form and coatings originally formed in the saprolite may have been removed. Without the diffusion-limiting coatings, surface-reaction control prevailed and etch pits were produced by selective surface attack. In the present study, pitted grains are present throughout colluvial and residual soils and in shallow saprolite. All of these weathering environments are within the influence of biological activity and probably have been affected to some degree by chelating agents as suggested by Velbel (1984) , perhaps accounting for the etch pits. Oxide coatings over etch pits were not observed by Velbel (1984) , but were found on almandine and magnetite grains in this study. Apparently, the influence of organic chelating agents did not prevent the development of the coatings. The presence of hematite in the oxide coatings on almandine grains suggests that organic matter in these soils and saprolites was also insufficient to fully suppress hematite formation, a role attributed to organic substances by Schwertmann (1985) .
